The p53 inhibitor, MDM4 (MDMX) is a cytoplasmic protein with p53-activating function under DNA damage conditions. Particularly, MDM4 promotes phosphorylation of p53 at Ser46, a modification that precedes different p53 activities. We investigated the mechanism by which MDM4 promotes this p53 modification and its consequences in untransformed mammary epithelial cells and tissues. In response to severe DNA damage, MDM4 stimulates p53Ser46 P by binding and stabilizing serine-threonine kinase HIPK2. Under these conditions, the p53-inhibitory complex, MDM4/MDM2, dissociates and this allows MDM4 to promote p53/HIPK2 functional interaction. Comparative proteomic analysis of DNA damage-treated cells versus -untreated cells evidenced a diffuse downregulation of proteins with anti-apoptotic activity, some of which were targets of p53Ser46 P /HIPK2 repressive activity. Importantly, MDM4 depletion abolishes the downregulation of these proteins indicating the requirement of MDM4 to promote p53-mediated transcriptional repression. Consistently, MDM4-mediated HIPK2/p53 activation precedes HIPK2/p53 nuclear translocation and activity. Noteworthy, repression of these proteins was evident also in mammary glands of mice subjected to γ-irradiation and was significantly enhanced in transgenic mice overexpressing MDM4. This study evidences the flexibility of MDM2/MDM4 heterodimer, which allows the development of a positive activity of cytoplasmic MDM4 towards p53-mediated transcriptional function. Noteworthy, this activity uncovers coordinated repression of molecules with shared anti-apoptotic function which precedes active cell apoptosis and that are frequently overexpressed and/or markers of tumour phenotype in human cancer.
INTRODUCTION
MDM4 (also MDMX) is a master regulator of p53. It binds its homologue MDM2, and the resulting heterodimer represses p53 activity and controls p53 protein levels through MDM2-driven ubiquitination. 1, 2 In addition, MDM4 negatively controls p53 transcriptional activity. 3 Conversely under DNA damage, MDM4 that is mostly a cytoplasmic protein, 4 is able to cooperate with p53 by enhancing stress-induced p53 stabilization [5] [6] [7] [8] and promoting p53 mitochondrial apoptotic activity. [9] [10] [11] The presence of MDM4 has been associated to some post-translational modifications of p53. 9, 11, 12 Particularly, knockdown of MDM4 decreases phosphorylation of p53 at Ser46, a modification that has been linked to different p53 activities. P53Ser46 P is necessary for the transcriptional activation of the proapoptotic target AIP1 13 and is considered a mark of p53 apoptotic function. 14, 15 Furthermore, this phosphorylation precedes and promotes p53 acetylation that in turn is involved in the transcriptional activation of some apoptotic targets. 16 
P53Ser46
P is also relevant in the transcriptional repressive activity of p53. 17, 18 More recently, it has been involved in the cytoplasmic apoptotic function of p53, p53Ser46 P being the functional form of p53 at the mitochondria. 9, 11, 19 The functional consequences of MDM4-mediated regulation of p53Ser46 P remain unknown.
Recently, two studies reported that mice-expressing MDM4 mutants defective in MDM2 binding, die during embryonic development despite the association of MDM4 to p53. 20, 21 These data reinforce the hypothesis that the association between MDM4 and p53 may have different outcomes depending on additional factors such as its heterodimerization to MDM2. Therefore, the comprehension of MDM4 activity towards p53 is relevant also to understand the inhibitory activity of MDM4/MDM2 heterodimer towards p53.
In this work, we have investigated the mechanism by which MDM4 affects p53Ser46 P , as well as the functional consequences in mammary epithelial cells and tissues.
RESULTS

MDM4 binds and stabilizes HIPK2
Previous studies indicate an association between the levels of MDM4 and p53Ser46 P . 9, 11 To understand whether this increase is attributable to a direct activity of MDM4, we analysed the effects of MDM4 towards serine-threonine kinases responsible for such phosphorylation. We focused on HIPK2, a homeodomaininteracting protein kinase, functioning as coregulator of p53 and interacting with the MDM4 homologue, MDM2. 24 Given the frequent mutational or epigenetic inactivation of DNA damage pathways in cancer cell lines, we used immortalized MCF10A and primary HMEC breast cell lines. MCF10A cells were transfected with stealth MDM4-specific (siMDM4-MCF10A) or stealth control RNA (siCTL-MCF10A), and at 48 h after transfection exposed to adriamycin (Adr), known to induce double-strand breaks and to activate p53. 25 Exposure to 2 μM Adr caused a progressive cell death concomitant with decrease of the cell cycle inhibitor p21 WAF1 ( Figure 1a, Supplementary Figure 1a) . 26, 27 Knockdown of Figure 1 . For caption see next page.
MDM4 promotes HIPK2/p53 transcriptional function F Mancini et al 229 MDM4 decreased p53Ser46 P levels concurrent with a decrease of caspase-3 cleavage and PARP-p85 cleaved forms, indicating a reduction of the apoptotic process ( Figure 1a, Supplementary  Figure 1b) . Interestingly, this coincides with a strong reduction of HIPK2 protein levels. In the absence of Adr, siMDM4 reduced cell proliferation and increased p21 WAF1 levels, in agreement with its inhibitory activity towards p53 ( Figure 1a, Supplementary Figure  1c) . 12, 28 Analysis of HMEC exposed to Adr confirmed these data ( Supplementary Figures 1d and e) .
On the opposite, MDM4 overexpression increased the levels of GFP-HIPK2 and of p53Ser46 P (Supplementary Figure 1f) , although less efficiently than upon MDM4 depletion, supporting the hypothesis of a relationship between MDM4 and HIPK2. Reduction of HIPK2 by siMDM4 occurred independently of p53 and did not correlate with reduction of HIPK2 mRNA (Figure 1b,  Supplementary Figure 1g ), indicating that it occurs at the protein levels. Re-expression of adeno-MDM4 rescued the decrease of HIPK2 levels caused by doxycycline-inducible interference of MDM4 in MCF10A (Tet-sh-MDM4; Figure 1c ), confirming the specificity of MDM4 activity. A GFP-HIPK2 mutant that cannot be degraded, HIPK2-K1182R 24 was insensitive to the expression of MDM4 ( Figure 1d ) and proteasome inhibitor MG132 partly rescued HIPK2 downregulation caused by siMDM4 (Figure 1e ), indicating that MDM4 counteracts HIPK2 degradation. Analysis of protein stability indeed revealed an increased half-life of GFP-HIPK2 when coexpressed with MDM4 ( Figure 1f ) and a decreased half-life of endogenous HIPK2 upon depletion of MDM4 (Figure 1g ).
To determine whether MDM4 directly controls HIPK2 stability, the association between the two proteins was tested. MDM4 coimmunoprecipitated HIPK2, both when the two proteins were overexpressed (Figure 2a) as well as when endogenous ( Figures  2b and c) , indicating that the two proteins interact. The association was further increased by adryamicin, whereas it was reduced by siMDM4 confirming the specificity of the interaction (Figure 2c ). To assess whether MDM4 stabilizes HIPK2 depending on their association, the region/s of MDM4 involved in this interaction were identified. Two MDM4 deletion mutants, MDM4ΔBD and MDM4ΔRING (Figure 2d ), coexpressed with GFP-HIPK2 in Mdm4
−/− mouse embryonic fibroblasts (MEFs), were able to bind GFP-HIPK2 with efficiency similar to wt-MDM4, indicating that the central domain of MDM4 (aa106-360), common to both mutants, is involved in the interaction (Figure 2e ). HIPK2 levels were increased by these mutants as much as by wt-MDM4, suggesting that the interaction modulates MDM4 stabilizing activity (Figure 2e, right panel) . In fact, a deletion mutant containing only the central domain (MDM4 106-360) also stabilized GFP-HIPK2 (Figure 2f , densitometric values under the blot) whereas a MDM4 mutant lacking the central domain (MDM4BD+RF) failed to do this (Figure 2g ), indicating that direct binding between the two proteins is required for HIPK2 stabilization.
HIPK2 mediates MDM4-induced phosphorylation of p53Ser46 P Previous data indicate that MDM4 binds and stabilizes HIPK2. To establish whether HIPK2 mediates the MDM4 activity towards p53Ser46 P , MDM4-mediated regulation of p53Ser46 P was analysed following depletion of HIPK2 (siHIPK2). At 5 h after Adr treatment, when the binding between MDM4 and p53 is still present, 20,29 the decrease of p53Ser46 P and cell apoptosis by knockdown of MDM4 was abolished by siHIPK2 (Figures 3a-c) . indicating that the presence of HIPK2 is indeed required for MDM4 activity. Analogously, the effects of overexpressed MDM4 were abolished by siHIPK2 (Figures 3d-f) .
To further analyse the role of MDM4/HIPK2 relationship in the MDM4-mediated induction of p53Ser46 P , it was compared the ability of the MDM4 deletion mutants that bind p53 (MDM4BD +RF) or HIPK2 (MDM4ΔBD), to promote p53Ser46 P . As previously observed, the expression of wt-MDM4 in Mdm4
−/− MEFs caused a robust increase of total p53 5, 7, 30 and an even higher increase of p53Ser46 P , in comparison to the sole expression of high amount of p53 (3X) 9 ( Figure 3g , densitometric values under the blot). Western blot (WB) of overexpressed wtp53, p53S46A and p53S46D confirmed the specificity of p53Ser46 P induction due to the overexpression (Supplementary Figure 1h) . In comparison, MDM4BD+RF, which binds p53 but not HIPK2, did not stimulate p53Ser46 phosphorylation despite the increase of total p53 levels ( Figure 3g ), this suggesting that the HIPK2 stabilization mediated by MDM4 is necessary for the increase of p53Ser46 P . Unexpectedly, the MDM4ΔBD mutant that binds HIPK2 but not p53, did not increase p53Ser46 P levels, indicating that HIPK2 stabilization by MDM4 is not sufficient to promote p53Ser46 phosphorylation and suggesting that the binding of MDM4 to both HIPK2 and p53 is necessary. MDM4ΔBD and MDM4 containing only the p53-binding domain (MDM4BD) behaved similarly to the other mutants and even reduced p53Ser46 P in comparison to p53 3X (Figure 3g , densitometric values under the blot). This may be due to their ability to bind/sequester HIPK2 and p53 and prevent their functional association supporting previous results. According to molecular data, the highest levels of cell death to cisplatininduced DNA damage were conferred by wt-MDM4, whereas the mutants were unable to induce significant levels of cell death (Figure 3h ), supporting the role of full-length MDM4 in promoting p53/HIPK2 apoptotic function during DNA damage.
Since endogenous murine Hipk2 is not currently detectable in MEFs, 31 to further support previous data HIPK2-p53 binding was analysed in the absence or presence of MDM4. The presence of MDM4 increased the binding of GST-HIPK2 to p53 by in vitro assay (Figure 3i) . Similarly, upon Adr treatment overexpression of MDM4 resulted in increased association of itself and of HIPK2 to p53 concurrent with increased levels of p53Ser46 P , confirming that MDM4 enhances the functional association between HIPK2 and p53 ( Figure 3j ). 24 Current model suggests that majority of MDM4 is associated to MDM2, promoting its degradative activity towards p53. 1 We therefore analysed the association between MDM4 and MDM2 under these conditions. The two proteins were co-immunoprecipitated at different time points after Adr treatment, using as control a cytostatic dose of Adr which causes a growth arrest (GA), a condition that maintains the association of two proteins. 32, 33 Noteworthy, a strong decrease in MDM4/MDM2 association was evident at the dose of Adr that causes an apoptotic response (AP), whereas the association persisted at the cytostatic dose (GA) (Figure 4a , right panel). Dissociation occurred quite early before any change in the levels of the two proteins appeared. Analysis of primary human mammary cells, HMEC, confirmed these data ( Supplementary  Figures 2a and b) independently of the levels of MDM4, MDM2 and p53 in this cell line compared with MCF10A ( Supplementary  Figure 2c) . These results suggest that dissociation of MDM2 from MDM4 allows MDM4 to promote HIPK2 activity.
To ascertain that MDM4/MDM2 association interferes with MDM4 binding to HIPK2, we analysed MDM4/HIPK2 association in the presence or absence of MDM2. Overexpression of MDM2 caused its association to MDM4 and the dissociation of HIPK2 (Figure 4b ) independently of protein degradation as assessed by MG132 treatment (Figure 4c, Supplementary Figure 2d ). To further support these data, MDM2 antagonized MDM4-mediated stimulation of p53Ser46 P and reduction of cell viability in Mdm4
MEFs, whereas it was ineffective towards MDM4C437G, a mutant MDM4 unable to bind MDM2 (Figures 4d and e). Accordingly, MDM2 expression coincided with a ladder of MDM4 but not of MDM4C437G ubiquitinated forms. These data confirm that the dissociation of the two proteins allows the realization of MDM4 activity towards HIPK2/p53.
Proteomic and bioinformatics analysis of MCF10A cells P53Ser46 P is a modification involved both in the mitochondrial as well as in the transcriptional activity of p53 towards activated and repressed targets. In order to verify which of these p53 functions was mostly affected by MDM4, we evaluated proteomic profile of MCF10A in the presence or absence of MDM4 and Adr. SiMDM4-MCF10A or control siCTL-MCF10A were untreated or treated with Adr for 5 h and protein extracts were subjected to a comparative proteomic analysis. Preliminary WB of these fractions confirmed the reduction of MDM4, HIPK2 and p53Ser46 P levels as previously reported (Supplementary Figure 3a) . Cytoplasmic extracts were analysed through a label-free data-independent differential proteomic assay by nUPLC-MS E , which allows quantitative assessment of changes between samples with high precision 34 ( Supplementary Figure 3b) . Proteomic analysis identified 72 proteins significantly differentially expressed between siMDM4-MCF10A and siCTL-MCF10A exposed to Adr (Supplementary  Tables 1 and 3 ). Unbiased bioinformatics meta-analysis of these proteins with Ingenuity Pathway Analysis (IPA) displayed three main molecular networks affected by MDM4 depletion (Supplementary Table 5 ). Of note, two of these (one of which involving p53) relate to cell death, indicating that MDM4 depletion alters the proteome associated to this cellular condition. Association of the protein data set to biological functions (by IPA functional analysis) confirmed a significant alteration of 'cell death' function with the highest number of proteins altered by MDM4 depletion, belonging to this group (Supplementary Table 6 ). In the absence of Adr, comparative proteomic analysis between siMDM4-MCF10A and siCTL-MCF10A showed 42 proteins differentially expressed (Supplementary Tables 1 and 2 ). Comparison between this data set and the previous one showed low overlapping (Figure 5a ), suggesting that MDM4 impacts different protein pools depending on cell growth conditions. IPA-Functional analysis indicated that the highest number of altered proteins in untreated cells (siMDM4-MCF10A vs siCTL-MCF10A) belongs to 'Cellular Growth and Proliferation' function (Supplementary Table 6 ) in agreement with the inhibitory function of MDM4 towards cell proliferation. 28 To gain insight into MDM4 activity, the profile of proteins altered by MDM4 depletion upon Adr treatment was compared with that of proteins altered by Adr treatment per se (as resulting from comparison of siCTL+Adr vs siCTL cells). Adr caused a significant change of 71 protein levels most of which (50/71) were downregulated (Supplementary Tables 1 and 4 ). This matches previous microarray transcriptional analyses reporting a decrease of cell transcription in the early phase of apoptosis. [35] [36] [37] Under these conditions, MDM4 depletion altered 37 out of 71 proteins affected by Adr (Figure 5b ). Thirty-five out of these 37 were oppositely regulated by siMDM4 (Figures 5b and d) . Specifically, siMDM4 caused upregulation of 26/35 proteins downregulated by Adr treatment, suggesting that MDM4 is required for the decrease of these molecules (Figure 5d ). The inability of shotgun analysis to detect low abundance proteins was responsible for the absence of HIPK2 in this data set. Comparison of the three protein pools confirmed low overlapping with untreated cells (Figure 5c ).
Analysis focused on the p53-related network confirmed previous observations: 8/10 proteins decreased by Adr (Figure 5e , green symbols) were upregulated in siMDM4 cells (Figure 5f , red symbols). Of note, p53 and HIPK2 directly repress some of these molecules (ITGB4, LGALS3 and SOD2), 17, 18, 38 that share an anti-apoptotic activity, a feature common to other proteins downregulated by Adr (P4HB, KRT5, KRT8 and S100A11). Overall, these data indicate that: (i) in the first hours of DNA damage response there is a widespread downregulation of proteins, many of which with a common anti-apoptotic activity; (ii) some of these proteins are targets of p53/HIPK2 transcriptional repressive activity; (iii) MDM4 is involved in the downregulation of these targets supporting its function in promoting p53/HIPK2 activity (Supplementary Table 3 ).
MDM4 enhances p53-mediated repression of anti-apoptotic proteins To validate proteomic data, WB analysis of cytoplasmic cell extracts from independent experiments was performed. The levels of p53 targets galectin-3 (LGALS3), integrin-beta4 (ITGB4) and superoxide (Figure 6a ). WB analysis of the cytoplasmic cell extracts used for nUPLC-MS E confirmed these results (data not shown). A time course of these proteins in whole cell extract (WCE) confirmed a marked downregulation of LGALS3, ITGB4 and SOD2 levels at 16 h, ruling Figures 4a and b) . As previously observed, siMDM4 reversed this decrease, confirming the requirement of MDM4 for these molecules' downregulation. This occurs even at 16 h when MDM4 levels are reduced (Supplementary Figure 4a) , supporting the hypothesis that MDM4 acts modifying upstream factors involved in this decrease, such as HIPK2. Downregulation of these targets by Adr and the effects of MDM4 depletion were confirmed in other cell lines (Supplementary Figure 5a) .
RT-qPCR evidenced that upon Adr treatment, all three transcripts undergo a consistent and persistent decrease which was counteracted by depletion of MDM4, although with different efficiency (Figure 6b ). In comparison, transcriptional activation of proapoptotic genes, NOXA and BAX, was not significantly altered by siMDM4 (Supplementary Figure 4c) . Stable interference of p53 in MCF10A (pSuper.retro-ip53) (Supplementary Figures 4d and e) prevented the decrease of these proteins in comparison to control MCF10A (pSuper.retro-iSC) (Figure 6c ). Of note, depletion of MDM4 did not affect the levels of these proteins in the ip53 cells whereas it was effective in control cells (Figure 6c) indicating that the regulation of LGALS3, ITGB4 and SOD2 by MDM4 requires the presence of p53. RT-qPCR further confirmed these data (Figure 6d ). Analysis of promoter occupancy by p53 through ChIP showed increased recruitment of p53 at the promoter of LGALS3 following Adr treatment, antagonized by MDM4 depletion (Figure 6e, Supplementary Figure 5b) . Overall, these data demonstrate that MDM4 promotes p53-mediated transcriptional repression of ITGB4, LGALS3 and SOD2 induced by DNA damage.
To confirm that this occurs also in vivo, C57Bl6 female mice were treated with a sublethal dose of γ-irradiation (6 Gy) and the levels of murine p53, HIPK2 and LGALS3 were analysed in mammary fat pad samples at different time points. As evidenced by WB, p53 levels markedly increased after 6 h whereas LGALS3 levels decreased correspondingly (Figure 6f, Supplementary  Figure 6a ). The appearance of PARP cleaved form p85 confirmed the apoptotic features of these samples (Supplementary Figure  6a) . Immunohistochemistry showed a strong signal for LGALS3 and the characteristic nuclear punctate signal for HIPK2 39 in the luminal cells of breast ducts (Figure 6g, Supplementary Figure 6d ).
LGALS3 signal progressively decrease whereas that of HIPK2 increased along time-course irradiation (Figures 6g and h ). Of note, HIPK2 levels were significantly increased in γ-irradiated Mdm4-overexpressing mice (Mdm4 Tg/+ ) 40 compared with agematched control mice (WT); conversely, those of LGALS3 were decreased (Figure 6i, Supplementary Figures 6b-d) . Basal levels of LGALS3 were not affected by the presence of the transgene (data not shown). Overall these data confirm the downregulation of LGALS3 in breast tissue following DNA damage and the ability of MDM4 to promote such downregulation and increase HIPK2 levels. MDM4 acts at the cytoplasmic level Previous data point to MDM4 as a proapoptotic factor preceding and promoting transcriptional repressive activity of p53/HIPK2 during the early DNA damage response. To confirm that MDM4 activity occurs in the cytoplasm preceding nuclear activity of p53/ HIPK2, we analysed the two subcellular compartments in the presence or absence of MDM4. Co-expression of GFP-HIPK2 and MDM4 in MEFs resulted in increased cytoplasmic localization of HIPK2 compared with the sole expression of HIPK2 (Supplementary Figure 7) , indicating that MDM4 increases HIPK2 cytoplasmic localization. Protein analysis of subcellular fractions confirmed that siMDM4 caused a stronger decrease of HIPK2 levels in the cytoplasmic compared with the nuclear fraction (Figure 7a ). P53Ser46 P levels were also strongly decreased, whereas those of p53 were less affected. As it has been reported that activated p53 shuttles rapidly from cytoplasm to the nucleus, 41 to ascertain that MDM4-mediated phosphorylation of p53Ser46 does indeed occur in the cytoplasm, we blocked p53 shuttling by downregulating importin-α3 (KPNA4) which mediates p53 nuclear translocation. SiKPNA4 reduced the nuclear pool of p53 and, even more markedly, that of p53Ser46 P while increasing the cytoplasmic one (Figure 7b , compare lane 3 with 1 in each panel, densitometric values under the blot), supporting the hypothesis that this modification occurs primarily in the cytoplasm. Of note, under these conditions depletion of MDM4 did not modify nuclear p53Ser46 P levels, but decreased the cytoplasmic levels ( Figure 7b , compare lane 4 with 3 in each panel, densitometric values under the blot). In agreement with cytoplasmic retention of the repressor p53, interference of importin-α3 highly increased the levels of LGALS3 and ITGB4 proteins (Figure 7b , compare lane 3 with 1 in each panel). Strikingly, block of p53 nuclear import caused the inefficacy of siMDM4 to upregulate these proteins-despite the decrease of cytoplasmic p53Ser46 P -whereas siMDM4 was still effective in control cells. These data confirm that MDM4-mediated increase of p53Ser46 P occurs in the cytoplasm preceding repressive transcriptional activity of p53/HIPK2.
DISCUSSION
In this work, we have addressed the role of MDM4 in the phosphorylation of p53 at Ser46 and in the cell response associated to this modification. Our data demonstrate that MDM4 directly stimulates this phosphorylation by promoting functional association between HIPK2 and p53 and that this modification is involved in a coordinated repressive activity of p53/HIPK2 in the early DNA damage response.
Particularly, the enhancement of p53Ser46 P by MDM4 is related to the increased stability of homeodomain-interacting protein kinase 2 (HIPK2). HIPK2 is a member of nuclear Ser/Thr kinase family originally identified as corepressor for homeodomain transcription factors. 42 It activates p53-dependent transcription and apoptosis by phosphorylating human p53 at Ser46. 16, 39, [43] [44] [45] This phosphorylation promotes p53 acetylation responsible for transcriptional activation of proapoptotic targets. 16, 46 Our data add one more piece to the p53/HIPK2 connection by enlightening the role of HIPK2 corepressive activity in the severe DNA damage response. These data complement previous findings that MDM4 facilitates p53-mediated mitochondrial apoptosis by enhancing p53Ser46 P , 9,11,47 and suggest p53Ser46 P as an early common signature of p53-mediated transcription-dependent and -independent apoptosis.
Mechanistically, we demonstrated that upon DNA damage, cytoplasmic MDM4 dissociates from MDM2 and binds HIPK2 promoting its stabilization and functional interaction with p53. These data are the evidence of a dynamic behaviour of the heterodimer and provide a molecular explanation for the distinct activities of MDM4 in different cell growth conditions. 48 Interestingly, this dissociation does not occur in breast tumour cell line MCF7 (data not shown) suggesting one possible mechanism of impairment of MDM4 proapoptotic activity in tumour cells. In addition, the different ratio of MDM4/MDM2 levels may further contribute to impair MDM4 activities. 48 The MDM4-mediated HIPK2/p53 activation precedes p53/HIPK2 repression of targets that share a common anti-apoptotic activity. The targets identified by proteomic analysis are non-canonical anti-apoptotic proteins although a canonical anti-apoptotic protein such as Bcl2, behaved similarly to these proteins (data not shown). Although the relevance of these proteins in the global apoptotic response has not been elucidated, these results raise the hypothesis of a diffuse barrier to cell death in epithelial breast cells, this being removed before an irreversible apoptotic outcome occurs. Accordingly, the presence of an apoptotic threshold determined by the relative levels of apoptotic and anti-apoptotic factors has been demonstrated. 49 Of note, some of these proteins (LGALS3, ITGB4, AnnexinA1 and S100A11) are often upregulated in human cancer and even used as diagnostic marker (LGALS3), underscoring their importance in cell biology. [50] [51] [52] [53] [54] Interestingly, their overexpression has been considered a way for cancer cells to escape cell death induced by DNA-damaging anti-cancer drugs. 52, 53, 55 These data support the cytoplasm as an important cell compartment for death choice, including that affected by p53. In line with this model, recent data demonstrated that accumulation and activation of p53 in the cytoplasm precedes MDM4 promotes HIPK2/p53 transcriptional functionand contributes to nuclear p53 activation.
41 P53-mediated transcriptional activation of apoptotic targets has been linked to the formation of nuclear Axin-based p53 complexes that in addition to Ser46 phosphorylation promote Tip60-mediated p53 acetylation at lysine K120. [56] [57] [58] Our data raise the hypothesis of a cytoplasmic scaffold constituted by MDM4 that favours HIPK2/p53 assembly, similarly to the assembly of cytoplasmic death-inducing signalling complexes that constitute an important step in the execution of programmed cell death. 59 The existence of nuclear and cytoplasmic complexes able to stimulate the same p53 modification, that is Ser46 P , may indicate the presence of overlapping pathways to ensure the proper Noteworthy, these results suggest that mislocalization of proteins involved in this process may represent a further way for cells to evade cell death. In fact, MDM4 localization is predominantly nuclear in tumour cell lines and many studies have increasingly reported nuclear localization of MDM4 in human tumour samples 60, 61 suggesting this as an additional mechanism for deregulation of MDM4 activity in human cancer. 
MATERIALS AND METHODS
ChIP
HCT116 DNA preparation was performed as previously described. 62 Immunoprecipitation was carried out with anti-p53 sheep polyclonal antibody, and relative normal sheep serum used as a negative control (Ab-7 and NSS, respectively; Calbiochem-Merck-Millipore, Darmstadt, Germany). Primer pairs, H1, H2 and H3 (available on request) that amplify human LGALS3 promoter were used for RT-qPCR by SYBR-Green PCR Master Mix (Life Technologies Italia).
Immunoprecipitation and WB analysis
Ip and WB were performed as previously described. 9 Primary antibodies used were: anti-MDM4 BL1258 (Bethyl Laboratory, Montgomery, TX, USA), anti-MDM4 C82, anti-α-tubulin DM1A, anti-actin C-40 (Sigma-Aldrich, St Louis, MO, USA), anti-p53 FL393 (Santa Cruz Biotechnology, Dallas, TX, USA), anti-p53Ser46 P , anti-p53 1C12 (Cell Signaling, Merck-Millipore, Darmstadt, Germany), p53Ser46 P (Becton Dickinson, Franklin Lakes, NJ, USA), anti-HIPK2 (by L. Schmitz), anti-MDM2 2A10 (by ME. Perry) and Ab1 (Calbiochem-Merck-Millipore), anti-ITGB4 (provided by R. Falcioni), anti-LGALS3 (Mabtech, Nacka Strand, Swedish), anti-SOD2 110 (Assay Designs, Enzo Life Sciences, New York, NY, USA), anti-GFP (Roche, Basel, Switzerland). Blots has been developed by chemiluminescence imaging system, Ratio of densitometric values of HIPK2 to Tubulin levels is shown at the bottom of the blot. HIPK2/TUB ratio from control lane was arbitrarily set to 1.
MDM4 promotes HIPK2/p53 transcriptional functionAlliance 2.7 (UVITEC, Cambridge, UK) and quantified by the software Alliance V_1607.
Cell apoptosis and cell cycle analyses
Cell cycle profiles were evaluated as previously reported. 9 Annexin V and PI staining were performed by AnnexinV-FITC and/or PI (Clontech, Mountain View, CA, USA). FACScan flowcytometer (Becton Dickinson) was used and data analysed by CellQuest Software (Becton Dickinson). TUNEL assays was performed with In Situ Cell Death Detection Kit (Roche).
Adenoviruses and lentivirus infection
Recombinant adenovirus were previously described. 5 The FH1t-UTG Mdm4 3′ UTR-GFP lentiviral construct was obtained by Marine's Lab by cloning shRNA sequence for MDM4-3′UTR (ACAGTCCTTCAGCTATTTCATTTCAAG AGAATGAAATAGCTGAAGGACTGTTTTTT) into the FH1tUTG vector, which constitutively expresses GFP. 63 MCF10A cells were infected with FH1t-UTG Mdm4 3′ UTR-GFP lentivirus to generate MCF10A-tet-shMDM4 inducible cell line.
RNA preparation and RT-PCR
RT-qPCR was performed with following primers: upperHIPK2 5′-AGGAA GAGTAAGCAGCACCAG-3′; lower HIPK2 5′-TGCTGATGGTGATGACACTGA-3′; upper hTBP 5′-GAACATCATGGATCAGAACAACA-3′; lower hTBP 5′-ATAGGG ATTCCGGGAGTCAT-3′; upper ITGB4: 5′-CACCGCGTGCTAAGCACAT-3′; lower ITGB4: 5′-TGTGGTCGAGTGTGAGTGTTCTG-3′; upper SOD2: 5′-GGCCTACGT GAACAACCTGAA-3′; lowerSOD2: 5′-CTGTAACATCTCCCTTGGCCA-3′; upper-LGALS3 5′-TCCACTTTAACCCACGCTTC-3′; lowerLGALS3 5′-TCTTCCCTTCC CCAGTTATT-3′; upperp53 5′-GTCTGGGCTTCTTGCATTCT-3′; lowerp53 5′-AATCAACCCACAGCTGCAC-3′. Amplification reactions were in triplicate and average of threshold cycles was used to interpolate standard curves and calculate transcript amount using the software SDS version 2.3 (Applied-Biosystems, Life Technologies Italia).
Immunofluorescence
Mdm4
−/− p53 −/− MEFs cells were fixed with 2% formaldehyde, permeabilized with 0.25% TritonX100 and blocked with 5% BSA. Cells were stained with αMDM4 4B5 (OriGene, Rockville, MD, USA). Cyanine (Cy3)-conjugated secondary antibody was used.
Immunohistochemistry
Tissue breast samples were fixed in 4% formalin and within 24 h embedded in paraffin and 2-μm thick sections were used. After antigen retrieval with Heat-Induced Epitope Retrieval pH 6, slides were incubated with Mouse to Mouse Block for 40 min and stained with primary antibodies (αp53, CM5, 1:400, Novocastra; αGal-3, 1:200, Mabtech-AB, αHIPK2 from Soddu's lab 64 ) for 25 min at RT. Detection was performed with EnVision FLEX/HRP (Dako Italia, Cernusco sul Naviglio, Italia) and developed with 3-3'diaminobenzidine system and counterstained with Harris' Haematoxylin using Mouse-To-mouse HRP (DAB) Staining System (ScyTek Laboratories, Logan, UT, USA). Microscope Leica BM5000 (Leica Microsystems, Nussloch, Germany) was used for optical evaluation.
Proteomic and bioinformatic analyses
The Shotgun proteomic analysis was performed on proteins extracted from cytoplasmic cell lysate of MCF10 cells. Continuum LC-MS data from three replicates experiments for each samples were processed for qualitative and quantitative analysis using ProteinLynx Global Server v. 2.3 (PLGS, Waters Co., Manchester, UK). Qualitative identification of proteins was obtained with the embedded ion accounting algorithm of the software PLGS, searching in the human database UniProt KB/Swiss-Prot Protein Knowledgebase release 2011_06 of 31-May-11 to which data from Saccharomyces cerevisiae Enolase was appended (UniProtKB/Swiss-Prot AC: P00924). Proteomic analysis was performed according to Pieroni et al. 65 Data were analyzed through the use of QIAGEN's Ingenuity Pathway Analysis, IPA (QIAGEN, Redwood City, CA, USA). Further details are available upon request.
